Abstract. The kinetics of adsorption and surface structure of adsorbed layers of the human fibrinogen on the gold surface, determined by Surface Plasmon Resonance (SPR) and Atomic Force Microscopy (AFM) analysis, was employed to probe the lateral distribution and preferred orientation of protein molecules within the monolayer. In this study, special sets of immunoassays are presented for fibrinogen adsorption/conformation analysis. The results show that kinetic parameters of antigen-antibody interactions are directly related to the interfacial conformation of fibrinogen molecules. Various interfacial structures of adsorbed fibrinogen aggregates, namely single, bi-and three-molecular aggregates, were obtained using a combination of AFM imaging and SPR analysis. Adsorption of fibrinogen onto the surface of polycrystalline gold is a complex process including surface-induced unfolding, local selfassembly and adsorption, occurring concurrently with and on the time scale of each other. This result confirmed the utility of the proposed approach for detecting the spatial distribution and biofunctional properties of specific proteins adsorbed from biological liquids in biosensors.
Introduction
Formation and characterization of thin biofilms on solid substrates have been studied intensely for the past decade due to the potential for many technological applications, including biosensors [1] [2] [3] . In fact, understanding of the details of interactions between proteins and artificial surfaces is essential for many applications in medicine, biochemistry and ecology. In line with that, various concepts to control the specific adsorption of a particular protein and to prevent the nonspecific adsorption of other biological molecules onto different substrates have been extensively studied in order to understand the most favorable arrangement of surfacecoupled receptor centers [4, 5] . At the same time, development of bioanalytical systems based on most promising adsorption biosensors requires taking into account a possible interfacial conformation of adsorbed molecules, which in turn can lead to deviations from the ideal behavior, and thus provide misleading results. Our continuing aim is to better understand, at the molecular level, the adsorption mechanism and the peculiarities of interfacial transformation, so that we can develop optimal schemes to either inhibit or promote, as necessary, these adhesive reactions.
It is common knowledge that the first layer of biomolecules adsorbed onto a surface will undergo various degrees of conformational changes [6, 7] . As a result of these changes, new structures in the biomolecules will be formed, and the original surface will acquire new characteristics. To study the influence of a protein binding to a surface on their interfacial conformation and structure-function relationships of molecules at the interface, the interaction of fibrinogen with unmodified surface of thin gold films was chosen as a model system. Polycrystalline gold films were used as a substrate for this study since they are widely employed for various biosensor applications, and their surface chemistry is well-defined [8] . In addition, adsorption of proteins and other biomolecules on metal surfaces is often accompanied by chemical modification of the surface. Indeed, it has been shown that proteins tend to adjust its orientation and con-ÔÊÎ, 1(1), 1998 SQO, 1(1), 1998
formation on the surface of an artificial solid substrate, resulting in a stronger interaction at the interface and greater irreversibility of adsorption. Likewise, the fibrinogen, of all proteins in the plasma, adsorbs preferentially to various surfaces in a receptor-independent manner and can play a crucial role in biological phenomena accompanying clot formation [9] . So, in view of the need to characterize the real process on the surfaces of adsorption biosensors and develop the optimal strategies for ultimate control of the properties of artificial sensing surfaces, the peculiarities of both structure and function of adsorbed biomolecules invite further investigations. A number of standard approaches have been advocated for analysis of protein adsorption [10, 11] . However, only a few of the existing analytical techniques can be used to study the binding process of unlabeled proteins in the real time mode. They are based on piezoelectric (i.e. gravimetric Quartz Crystal Microbalance and Surface Acoustic Wave [12, 13] ) or evanescent wave (i.e. optical Surface Plasmon Resonance and waveguide spectroscopy [14, 15] ) phenomena. Of particular importance to this work is combined use of surface plasmon resonance biosensor systems for analysis of protein adsorption on surfaces atomic force microscopy for surface characterization together with immunosensitive assays for biofunctional tests and exposure of structural peculiarities.
Immunosensitive analysis based on the polyclonal and monoclonal antibodies plays today an important role as a tool both for research and for routine analytical applications [17, 18] . In particular, changes in the affinity of the antibody can be used to detect modifications of the structure or function in one of the two immunological reactants (antigen or antibody). Obvious applications of this effect are, for instance, characterization of coupled antigens and control of their interfacial properties. For example, when attempts are made to measure the concentration of a protein with the help of adsorption biosensors, the best criterion to assess how closely the adsorbed protein matches the native one is to measure the comparative binding affinity of an antibody capable of reacting both with the free and adsorbed proteins.
Thus, the objective of our work was to study the fibrinogen adsorption onto untreated gold surface in order to understand how this surface influences the first biomolecular layer formed and how this first layer will adsorb additional biomolecules upon further contact with a biological fluid. 
Theory of measurement

Calculation of Adsorbed Protein Concentration
The surface concentration Γ (surface coverage) of proteins bound to the surface in units of mass/area (e.g. ng/mm 2 ) can be calculated in terms of experimentally measurable quantities, such as the refractive index of the adsorbed layer and thickness within the adlayer in accordance with the approach proposed by de Feijter for homogeneous or inhomogeneous surface adlayers [19, 20] :
where
is the refractive index of the protein at infinite distance from the surface, c protein concentration, n s and n l effective refractive indices of the adsorbed layer and solution, respectively, and d mean thickness within the adlayer. Since in many practical situations the protein concentration in buffer solutions is extremely small, it is possible to assume that the refractive index of the protein solution is similar to that of the buffer solution. In this case, the surface coverage Γ can be calculated from the eq. 1, where n l is substituted for buffer refractive index n b . Applications of this approach to protein adsorption to the various surfaces have been presented repeatedly [2123] .
A simple and convenient way for determination of effective optical parameters and thicknesses of thin organic films is the surface plasmon resonance (SPR) method, which has been widely used to characterize thin organic films on metal surfaces [24, 25] . The key point is that a typical sensing distance from the surface into a dielectric medium for an SPR is of the order of 200 nm and consequently the effective change in refractive index directly corresponds to the adsorbed adlayers. In addition, SPR measurements can be performed in an in situ configuration and without any additional labels. However, despite the successful use of SPR techniques for characterization of various thin organic layers on metal surfaces, two points at issue require a special discussion namely, discreteness of the monitoring characteristics of the SPR phenomena and correct calculation of the surface density of adsorbed proteins.
Scanning SPR measurements
Surface plasmon resonance phenomena are collective electron oscillations in a metal causing electron density (charge density wave) fluctuations at the metal interface. In SPR scanning techniques employing the Kretschmann configuration [26] , a p-polarized laser beam is directed onto the underside of a glass prism, the upper side being coated with a thin metal film with a negative real part of the dielectric permittivity (Ag, Au, etc.), and undergoes total internal reflection at the glass/metal interface ( fig. 1) . The reflectivity of a laser beam in this system is measured as a function of the incidence angle. The resulting response, denoted as SPR reflectivity curve, has several distinct features and can be quickly characterized by the position of the minimum (denoted as SPR angle θ spr ), the reflection value at the minimum (R spr ) and the half-width (R 1/2 ) ( fig. 2) . In several interpretations, these three parameters should result in determination of the complex dielectric permittivity and thickness of the layers in the system. Unfortunately, the exact analytical relation between the experimental values measured and the effective optical parameters of the system under consideration cannot be found in an analytical form from Fresnels reflection equation [27] , whereas numerical approximation for ultrathin films can lead to erroneous results [28] . To overcome the latter restriction, the two-wavelength configuration [29] or experimental procedure with measurements in different solvents [30] can be used, but these approaches are non-suitable for monitoring in real time. In addition, the classical Fresnels theory does not take into account the physical effects complicating the SPR resonance response, such as light scattering and adsorption due to the surface roughness, scattering on volume defects etc., which can result in a nonpredictable transformation of the resonance curve. Therefore, the techniques for determination of the refracting index and thickness based on the analysis of the resonance curve shape are very promising, but require further development.
At the same time, the SPR angle is a highly specific angle of incidence, attributed to the coupling between photons from the laser beam and surface plasmons at the outer metal interface. This coupling causes excitation of surface plasmons and subsequent reduction in the intensity of the internally reflected light, depends only on the dielectric properties of both the metal film and the layers above the sensor surface, and is not disturbed by the process of light scattering and optical absorption. Of particular importance for biosensor applications of SPR phenomena is adsorption of molecules from the solution on the chip surface that causes variations in the SPR angle, and hence the shift of θ spr can be employed to detect the adsorption process on the surface in real time and without any additional labels.
To determine the relation of the SPR angle shift both to ∆n s = (n s n b ) and to d, one has to postulate a definite refractive index profile in the direction normal to the interface. The simplest approach is to consider a homogeneous adsorbed layer, with constant «optical» thickness d and mean refractive index n s . For this simple situation, a common mathematical description for the relation between the reflectivity coefficient and the parameters of a multilayer structure is available [27] . Taking into consideration the difficulties of estimating from the analytical approximation the limits of validity for the final expression, we numerically calculated the relation between the shift of the SPR angle θ spr and ∆n s by using the so-called «method of Jones matrices» for different thicknesses [27, 31] .
A model assuming two separate layers (gold film and adlayer) and two semi-infinite media (glass prism and liquid solution) represented the sensor chip. Each layer is defined by its thickness d i , refractive index n i , and extinction coefficient k i . In the thin-film simulation program, the ppolarized reflectance is calculated as a function of the incident angle using complex Fresnel calculations. In the calculations, it is assumed that the interfaces between the layers are flat and the layers are homogeneous and isotropic. The distribution of adsorbed molecules within the adlayer was described as a random one with a constant thickness of the layer and effective mean refractive index. Since the deviation of the adlayers refractive index is restricted by the value of the refractive index of the solvent (usually water solutions with the refractive index higher than 1.33) and organic solid films (generally with the mean refractive index lower than 1.6), the calculation was made in the range from 1.3 to 1.6 for n s at different thicknesses of the layer (d = 1 15 nm). Fig. 3 shows the calculated SPR response as a function of the mean refractive index deviation ∆n s from the PbS refractive index of 1.337 for a set of layers with thickness from 1 to 10 nm. Linear fitting of the data obviously reveals a linear dependence of the normalized shift of the SPR angle (∆θ spr = (θ spr adlayer θ spr gold )//d) on deviation of the mean refractive index of the adlayer ∆n s , which may be expressed in a simple analytical form:
where K is a conversion constant, ∆θ spr is measured in arc seconds, and d in nm.
Determining Conversion Constant
For reliable calculations of the surface concentration of analyte bound to the surface from the SPR response, it was necessary to determine separately the thickness of the gold layer and optical constants of the prism, gold layer and liquid medium. The glass prism and the liquid are semi-infinite, and the refractive indices (1.515 and 1.337, respectively) were determined with a refractometer. Thickness of the metal film (45 nm) was estimated by ellipsometry. At the same time, perfect determination of the effective optical constants of the metal film in a series of experiments is very difficult, since characteristics of vapor-deposited gold films may have slight differences due to noncontrolled disturbances during the fabrication process. In order to understand the influence of minute changes in the parameters of sensor chips on the value of the conversion constant, we calculate the relation of K to n Au and k Au using the approach described above. It was shown that K depends on the n Au very weakly in the range from 0.1 to 0.2, whereas the dependence of K on k Au dependence in the range from 3 to 4 is exponential. Thus, for correct determination of K the accurate value of k Au must be obtained, whereas the value of n Au = 0.16 estimated by ellipsometry can be used without additional corrections.
To determine the exact effective value of k Au , experiments with a standard SPR chip were made in solutions with different values of the refractive index (water-glycerol mixtures). Using the measured values of ∆θ spr shift amounting to 1739 arc seconds for a 5 % mixture and 3720 arc seconds for 10 % -water-glycerol solutions (relative to pure water), the corrected value of k Au = 3.37 was obtained, which is slightly different from the ellipsometry data (3.6). So, for a sensor chip represented by a model consisting of a semiinfinite glass prism (n p = 1.51 + 0 ⋅ i), gold film (n Au = 0.16 + + 3.37 ⋅ i, thickness 45 nm), adlayer (n s + 0 ⋅ i, d = 1 ÷ 10, where n s = n buffer + ∆n s and n buffer =1.337) and semi-infinite buffer solution (n b = 1.337 + 0 ⋅ i) the value of conversion constant K is ca. 5300 seconds of arc/nm. It must be emphasized that despite the small variation of k Au determined by SPR and ellipsometry (3.37 and 3.6 correspondingly), considerable differences was observed for the values of K (5300 and 4350 seconds of arc/nm, respectively) ( fig.3) .
Finally, the surface concentration for the adsorbed molecules can be calculated from the SPR data in accordance with the following expression:
where the refractive index increment for proteins is assumed to be constant up to high concentrations, as shown by de Feijter et al. [19] . Since the refractive index increment does not vary essentially with the kind of protein [20] , we assume for all proteins used in this study the mean value of 0.188 cm 
Materials and methods
Surface Plasmon Resonance Sensor System
The SPR system BioHelper PLASMON-002 designed by the Institute of Semiconductor Physics (ISP NASU, Kiev, Ukraine) was described in detail elsewhere [32] . Briefly, the light beam from the He-Ne laser (λ = 632.8 nm) is deflected by a mirror to the prism with a sensitive layer mounted on the revolving table, which can be rotated with a step motor connected to a micrometer screw with a lever arm. The position of the step motor is monitored by software with respect to the hardware reference point. A photodiode detector is positioned at the opposite side of the prism to monitor the laser light which is undergoes full internal reflection in the sensor chip. For a complete scan (ca.15°), the table must move from the left-most to the rightmost position and back again, which takes about 15 s. A «track minimum» scan employed to analyze binding and dissociation kinetics lasts ca. 2 s. The experiments were controlled with an IBM-compatible computer running special software under Microsoft Windows. The peristaltic pump allows flow of solutions through the experimental cell, which is formed of silicone rubber covered with a Teflon holder and is mounted directly on the sensor chip surface. The cell has a round cross-section of ca. 25 mm 2 in the direction perpendicular to the prism surface, height of more than 1 mm, and a volume of ca. 25 µl.
The SPR Sensor Chip Design
The chip support is a trapezium-shape glass (K-8) prism of dimensions 18 × 12 × 6 mm and inclination angle of 68°. The refractive index of the prism is 1.515. For sensor formation, sputtered on the upper side of the support prism was a ca. 5 nm adhesive layer of Cr, followed by 45 nm of Au. During the deposition, the prism was kept at T = 22°C, and then for three hours in high vacuum (5 ⋅ 10 -4 Pa) before removing from the evaporation equipment (VUP-5M).
Sensor chips were used for measurements without any additional cleaning procedures prior to the experiment. Untreated chips were mounted in the system and flushed with the buffer until the baseline drift was less than ± 30 angle seconds. All subsequent reaction steps were conducted in Phosphate buffered Saline (PbS), pH 7.2, at the ambient temperature of (20 ± 2)°C.
Surface Analysis
We used the contact mode of AFM imaging due to our interest to the irreversibly bounded protein. The AFM analysis confirmed the presence of the strongly adsorbed fibrinogen on the gold surface, whereas the AFM probe during imaging easily swept it on the surface of methyl-terminated dodecylthiol monolayers (HS(CH 2 ) 11 CH 3 , data not shown).
AFM imaging was performed using a commercial Nanoscope IIIa (Digital Instrument, Santa-Barbara) equipped with a 80-µm scanner. The original SPR chips were used for the AFM analysis. The scans were performed in the contact force mode employing commercially available AFM tips made of silicone nitride with a scan frequency of approximately 1 Hz. Ellipsometry experiments were made on Au coated glass slides with a LEF-3M Ellipsometer (LOMO, St-Petersburg) at a 70° angle from the normal direction, using a He-Ne (632,8 nm) laser.
Chemicals and Reagents
Human fibrinogen was prepared from human plasma by sodium sulfate precipitation [33] .
DD fragment of fibrin was prepared by plasmin hydrolysis of cross-linked fibrin. The DD fragment was isolated from lisate on fibrin agarose by the technique described by V. A. Belitzer et al [34] . The pure DD fragment was eluted and dialyzed against 0,05 M ammonium acetate buffer pH 8,5 and lyophilized.
Fragment E 3 was obtained by plasmin hydrolysis of fibrin clots completely cross-linked by factor XIIIa. Fragment E 3 was isolated from lisate on G-150 column (Pharmacia Sweden) equilibrated with 1,5 N potassium sulfocyanate in phosphate buffered saline (pH 7,2). Fragment E 3 was concentrated, dialyzed against water (pH 8,1) and lyophilized [35] .
Preparation of monoclonal antibodies (mAb). BALB/c mice were immunized intraperitoneally with 100µg N-terminal disulfide knots ( N-DSK ) of fibrinogen and with 100µg DD-fragment in Freunds complete adjuvant and then twice at 1-month intervals with 100µg in incomplete Freunds adjuvant. Two months after the third immunization, the mice were injected intraperitoneally with 100 µg N-DSK and DDfragment 3 days before fusion. Fusion of spleen cells from the immunized mice with myeloma X63-Ag8 cells was carried out with 50 % polyethylene glycol of 3 kDa. Growth and selection media were as described by Lerner [36] .
The antibody was purified from cell culture media by affinity chromatography on protein G-Sepharose or Fibrinogen-Sepharose. ÔÊÎ, 1(1), 1998 SQO, 1(1), 1998 
Sample Preparation
All protein solutions were made in PbS solution (pH 7.2) immediately prior to the analysis.
Results and discussion
The initial discussion focuses on the AFM characterization of the adsorbed layers of fibrinogen on the gold surface. In the next section, in situ investigations of both fibrinogen adsorption and its subsequent interactions with monoclonal antibodies are described in detail. The final section discusses possible adsorption mechanisms and peculiarities of the interfacial fibrinogen structure.
The topography and interfacial structure of irreversibly adsorbed fibrinogen on an untreated gold coated prism
The gold-coated SPR prisms were initially imaged by AFM to characterize the native surface. The AFM image in fig. 4 shows that the surface is not atomically smooth, with the grain diameter of the gold coating ranging from 20 to 30 nm. The surface roughness shows a maximum height variation of 2.5 nm for a 500 nm scan, with the area root-mean-square (rms) surface roughness ca. 0.84 nm.
In order to fabricate a fibrinogen-based biofilm on the untreated gold surface, typical adsorption experiments were made (see below). The AFM results, depicted in fig. 4 , clearly show that under the adsorption conditions employed in this study, a fibrinogen concentration of 73 µg⋅ml -1 in PbS solution was sufficient to achieve a smooth continuous film. The surface roughness shows a maximum height variation of above 1 nm for a 500 nm scan, with an area rms of ca. 1.2 nm. An increase in the bulk concentration of fibrinogen does not change essentially the surface topography as well as rms (0.9 nm at 300 µg⋅ml -1 bulk concentration). It was also shown that as the concentration of fibrinogen in solution decreased, the number of defects and holes in the fibrinogen layer increased (data not shown). The average thickness of the fibrinogen film determined by both AFM (above 6.5 nm, fig. 5 ) and ellipsometry (above 7.6 nm with the refractive index of fibrinogen set to 1.5) had similar values.
The AFM images of the fibrinogen coated surfaces shown in fig. 4 resolve features which are consistent with protein molecular structure. Indeed, as results from comparative analysis of the Power Spectral Densities (PSD, [37] ) function ( fig. 6 ) of AFM images of untreated gold and fibrinogen film, the surface of adsorbed fibrinogen has distinctive surface objects with linear dimensions of ca. 90 and 140 nm, that can not be fit into individual molecules of fibrinogen. . Three types of objects with different structures have been extracted from these images, which are shown in fig. 7 . The highly pronounced doublehumped shape of the top aggregate with longitudinal length of ca. 140 nm evidently correlates with a similar value obtained from PSD analysis of continuous films for the statistically dominating distinctive surface element. Moreover, a dome-shaped surface objects with lateral dimensions ca. 90 nm are observed as well. Taking into consideration relatively large dimensions of this object, it is possible to suggest that this observation may result from some kind of local self-organization of the fibrinogen molecules. To study the internal structure of such aggregates, additional information about the molecular structure of fibrinogen molecule is required.
The structure of fibrinogen (molecular weight is ca. 340 000 Da) has been repeatedly discussed based on the results of various indirect investigations [38] [39] [40] , since Xray crystallography of fibrinogen is impossible because of the non-crystalline solid state of this protein. However, fibrinogen has been imaged using both electron microscopy and AFM [41, 42] , showing it to have a triad structure of length 45 nm with central (E) domain (ca. 5 nm diameter) and two distal (D) domains elongated to approximately 10 nm by 6 nm.
Thus, AFM analysis combined with information about spatial dimensions of fibrinogen molecules enabled us to make the following suggestions about the possible structure of the surface objects observed, depicted in fig. 7 . The botton picture in fig. 7 can correspond to partly unfolded fibrinogen molecules. The domelike shape and dimensions of ca. 90 nm of the object shown in the middle picture are in a good agreement with the assumption that it is a bimolecular aggregate of fibrinogen with face-to-face reciprocal arrangement of D-fragments of fibrinogen molecules. The most probable explanation of the origin of the aggregate shown in the top picture is formation of fibrinogen threemolecule aggregate in halfstaggered overlapping manner with association of the molecules in the direction of their long axis like natural fibrin filaments. Possible intrinsic structure and potential orientation of the unfolded, bi-and three-associated fibrinogen aggregates at the surface of thin polycrystalline gold films are pictured schematically in fig. 7 .
We cannot completely rule out our early assumption about formation of fibrinogen dimers in a halfstaggered overlapping manner followed by association of the dimers in the direction of their perpendicular long axis at low fibrinogen concentration in solutions [43] . This suggestion was based on the fact that the width of the aggregates is ca. 6070 nm and similar to the length of the fibrinogen dimer formed in a halfstaggered overlapping manner. However, in our opinion, it is unlikely for several reasons: (1) it is well known that broadening of molecular features on AFM images can be caused by tip-induced effects [44] ; (2) Fibrinogen adsorption to untreated gold-coated prism: SPR analysis
In order to illustrate the reproducibility of the SPR system using the unmodified SPR microprism, a typical fibrinogen adsorption experiment was undertaken in quintuple. The PbS buffer was allowed to flow through the cell and then sharply substituted with the protein solution. After the sensor response reached an equilibrium state without flow, the protein solution was again replaced by PbS. Results of these experiments with injection of a portion of fibrinogen solution in PbS with concentration of 73 µg⋅ml -1 are shown in fig. 8 . It is seen that the SPR angle increases with fibrinogen adsorption to a plateau value and gives rise to an SPR shift of 4750 ± 250 seconds of arc after an extended time period (ca. 800 s). It is necessary to stress that no additional loosely bounded molecules from the sensor surface were removed during washing by pure PbS.
The surface coverage of adsorbed fibrinogen layer formed at the bulk concentration of 73 µg⋅ml -1 is ca. 5 ng⋅mm -2 , which is more essential than that for the «side-on» orientation of fibrinogen at the interface. Indeed, simple estimations of the surface coverage for fibrinogen adlayer in «side-on» adsorption manner assuming an ellipsoidal shape of molecule and lateral dimensions of 45 nm by 6 nm, results in Γ approximately of 2 ng⋅mm -2 . Such a result is in excellent agreement with the previous assumption, those surface transformations involve not only the unfolding process, but also some local self-organization with various arrangement of molecules on the surface.
In order to understand the nature of the limiting step in the fibrinogen adsorption onto gold surface, namely irreversible surface coupling, the kinetic analysis of fibrinogen, its DD-and E-fragment was investigated quantitatively. The kinetics of adsorption of these proteine were employed to probe the location of the site, which is predominantly binding to gold. Taking into consideration a high concentration of disulfide bonds in E-fragment combined with its spherical shape and relatively small size, it was suggested that irreversible surface coupling of fibrinogen includes at the first step an interaction between the gold surface and Efragment of fibrinogen. As long as the relative affinity of molecules to the surface can be estimated from the rate of adsorption of the corresponding proteins, at a similar mass flow from the bulk to the surface, the experimental charts has been approximated by the equation [45] :
where k is a rate constant ( fig. 9 ). It can be seen that the rates of adsorption for both fibrinogen and its DD-fragment are very similar (0.05 and 0.07 s -1/2 correspondingly) and more small one for E-fragment (> 0.2 s -1/2 ). Such a result is entirely consistent with the proposal that the first step of irreversible fibrinogen adsorption can be determined by binding of E-fragment to the gold surface.
From the SPR adsorption profiles in fig. 9 it appears that all three proteins adsorb to the surface until saturation and without any «loosely» bounded molecules (data not shown). However, there is a difference in the equilibrium SPR angle for the three proteins in order of increasing value: E-fragment (1571) < DD-fragment (2165) < fibrinogen (2777 seconds of arc), which does not directly correspond to the molecular weights of this molecules (ca. 50 000, 190 000 and 340 000 Da correspondingly). These findings may be explained by considering the molecular dimensions of the protein and their potential conformation at the gold/solution interface. . ÔÊÎ, 1(1), 1998 SQO, 1(1), 1998
An attempt was made using the SPR method to determine the role of a different fragment of fibrinogen in the processes of surface induced transformations of protein structure. In line with this, the influence of protein concentration in solution on the total mass of the adsorbed layer as measured by SPR was investigated and is shown in fig. 10 for solutions with a concentration of 25 and 100 µg⋅ml . The results show that the level of adsorption increases with solution concentration for both fibrinogen and its DD-fragment, whereas the equilibrium angle shift values are not significantly different for E-fragment of fibrinogen. This observation is consistent with formation of an adsorbed monolayer of E-fragment from native, non-unfolded molecules in the wide range of protein concentration in solution. At the same time, the results suggest that both fibrinogen and its DDfragment undergo conformational transformations at the surface of untreated gold films at a low protein concentration in the solution. Thus, the spatial structure of adsorbed molecules of fibrinogen and its DD -fragment at the gold surface is different from that in the native form. Moreover, the relation of the total adsorbed mass of proteins to their concentration in the solution is similar for fibrinogen and its DD-fragment. In view of the non-unfolded adsorbed form of E-fragment, this fact permits suggesting that unfolding of fibrinogen, for the most part, is determined by the conformational transformations in the D-domains. To account for this, we hypothesized, first, that the fibrinogen exists on the gold surface in a partly denatured, non desorptionable form, and, second, that denaturation of this protein is surface-induced process, occurring concurrently with adsorption.
In agreement with previous studies of fibrinogen [46, 47] , it is shown in situ that no additional fibrinogen adsorbs on the first fibrinogen adlayer. Evaluation of the interaction between adsorbed both E-and DD-fragments shows a similar behavior. At the same time, DD fragment was found to bind moderately to E-adlayer, but no binding with fibrinogen adlayer was observed. The saturated SPR angle shift values for all possible situations are tabulated in Table 1 . We should note an avid binding of fibrinogen to E-adlayer with saturated surface coverage similar to one at the unmodified gold surface.
The study of biochemical status of adsorbed fibrinogen with immunoassays
To get more insight into the mechanism of fibrinogen adsorption and to study the possible ways of conformational transformation and probable orientation of proteins at the surface of untreated gold films, special immunoassays for binding of fibrinogen using monoclonal antibodies against different epitops in the fibrinogen molecules were developed. Thus, two set of immunoassays for both N-terminated (mAb 2d-2a vs epitop in E-domain) and C-terminated (mAbs 2-1c, 2-3b, 2-4d and 4-2d vs epitops in D-domain) portions of fibrinogen chains using monoclonal antibodies were developed.
Four kind of monoclonal antibodies against the D-fragment of the fibrinogen molecules were used to study the conformational alteration of the molecules on the gold surface. The localization of the epitopes for the antibodies and the study of their interactions with adsorbed fibrinogen allow us to conclude that only part of epitopes in the D-fragment conserve their native conformation and point toward the solution ( fig. 11 ). It must be emphasized that binding of the monoclonal antibody directed vs. different epitops in the C-terminated portions of fibrinogen chains shows a notable value of selective interactions with fibrinogen adlayers, that was not simply dependent on the total amount of adsorbed fibrinogen but rather on its conformation. In general, it is possible to conclude that, despite a similar behavior of mAbs on both fibrinogen and DD-fragment surface, the spatial structure of adsorbed fibrinogen is more in line with the native form of protein.
As would be expected, the mAb 2d-2a vs. N-terminated portion of fibrinogen chains do not interact with adsorbed DD-fragment. At the same time, the interaction of mAb 2d-2a with fibrinogen adlayer yields surface coverage of 0.55 ng⋅mm -2 , which corresponds approximately to 2530 % of the total number of adsorbed fibrinogen molecules. So, it is possible to assume that the above 30 % of biofunctional fibrinogen molecules have orientation at the interface with N-terminated disulfide knots of E-fragment pointed in solution.
The total amount of the biofunctional adsorbed fibrinogen molecules can be estimated from the experiments with mAbs 2-4d and 2-3b, those interaction with adsorbed both fibrinogen and DD-fragment are in similar manner and in above 1:1 fashion. Taking into consideration, that each of molecules either fibrinogen or DD-fragment have two identical epitops for those mAbs and different packing inside the monolayer, simple one-to-one interaction testifies that approximately 50 % of adsorbed molecules retain their biofunctional properties. So, the number of the N-terminated disulfide knots of fibrinogen which maintain their biofunctional properties and are recognized by mAb 2d-2a results in approximately 60 % of total number of biofunctional molecules. Such a result is gratifyingly consistent with previous studies by AFM imaging, where it was assumed that the dominant surface aggregate has two from three E-fragments pointing to the solution. These results, together with the fact of irreversible coupling of protein films to the sensor surface, do not contradict to our suggestion that fibrinogen molecules bind to the gold surface with disulfide bonds after their splitting in the central E domain.
Another experiment with mAbs against epitops in Dand E-domains of fibrinogen was performed to probe the orientation of the adsorbed fibrinogen on the surface treated by E-fragment. The immunosensitive analysis of fibrinogen adsorption on the surface of adsorbed E-fragment shows that the surface orientation of fibrinogen molecules corresponds to inaccessibility of E-fragment of fibrinogen molecules for monoclonal mAb (2d-2a). So, in this case, all E-fragments of adsorbed fibrinogen molecules directed to the surface of adsorbed E-fragment.
General model of fibrinogen adsorption onto the surface of polycrystalline gold films
The mechanism suggested here for protein adsorption is an extension of the classic reaction-diffusion mechanism which is followed by a wide variety of physical phenomena depending on the protein concentration in solution [48, 49] . The first step of fibrinogen adsorption is considered to be reversible and adsorbed molecules have uniform distribution at the surface. At the next step, proteins undergo surface transitions, changing from «loosely» bound to «irreversibly» bound due to coupling between gold and E-fragment of fibrinogen. We suggest that activation of the polymerization sites in adsorbed fibrinogen molecules occurs at this step. Formation of primary fibrinogen dimers could be increased at this step due to the interactions of D-fragments of fibrinogen, whereas formation of primary three-molecular aggregates is determined by the classical biophysical mechanism of «polymerization» in fibrin-like manner [50] . Formation of the latter type of aggregate is a self-terminated process provided by blocking of the polymerization active sites in extreme D-fragments by gold surface. The contribution of either kind of surface aggregate dictates both steric requirements for each mechanism and possible free area. In addition, one can suppose that the specific structure of untreated polycrystalline gold surface with «mountains» and «valleys» may result in capturing predominantly the E-fragment of fibrinogen owing to the sterical restrictions. Indeed, a small size of E-domain combined with flexible bridges between it and a peripheral D-domain can support the requirement of spatial conformation of fibrinogen molecules at the non-flat gold surface. Such special reciprocal arrangement of domain structure of fibrinogen together with possible splitting of disulfid bonds in E-domain can result in a strong, irreversible adsorption of fibrinogen on the gold surface. Ultimately, the final structure of the adsorbed layer depends on the relation between rate constant of these processes (namely, unfolding, self-aggregation and adsorption) and could be changed by means of increasing/decreasing the fibrinogen concentration in the solution.
Concluding remarks
Controlling irreversible protein adsorption to surfaces is a major concept for nearly every biological assay or sensor and is of equal importance for this model fibrinogen-based system. We describe here the use of a surface plasmon resonance biosensor system that allows kinetic measurements of native non-labeled biomolecules, to study the peculiarities of protein adsorption onto untreated gold surface and interactions of monoclonal antibodies with their irreversibly binding layers. A notable feature of the technique is ability to distinguish a possible influence of substrate chemistry on the adsorption processes, which may be related to changes in the surface orientation or packing density within the monolayer. The adsorption of three proteins, fibrinogen, its DD-and E-fragments onto unmodified gold surface of polycrystalline gold films and subsequent their adlayers interactions with monoclonal antibodies against different epitops in native molecules has been studied by means of Surface Plasmon Resonance biosensor instrument as a model system for structural and functional analysis of protein biofilm. It was shown based on the combined use of AFM imaging and SPR kinetic analysis that fibrinogen adsorption onto gold surface is a complex process including at least three different mechanisms: surface-induced unfolding, local self-assembly and adsorption, which are occurring concurrently with and on the time scale of each other. Unfolding of the protein at the gold surface results in a decrease of the number of adsorbed molecules which retain their biofunctional properties (approximately 50 % of total adsorbed mass). At the same time, the local self-assembling process leads to formation of the special molecular aggregates whose structure depends on the primary arrangement of adsorbed molecules. The rate of adsorption, controlled for the most part by the mass flow from the bulk solution, determines the contribution both self-assembling and unfolding.
Thus, the combined application of the immunoassaybased SPR analysis with the molecular resolution imaging of the AFM provides a significant insight into the formation mechanism and interfacial properties of the artificial biomolecular structures at various interfaces.
